Airway mucus is a complex airway secretion whose primary function as part of the mucociliary transport mechanism is to to serve as renewable and transportable barrier against inhaled particulates and toxic agents. The rheologic properties necessary for this function are imparted by glycoproteins, or mucins. Some respiratory disease states, e.g., asthma, cystic fibrosis, and bronchitis, are characterized by quantitative and qualitative changes in mucus biosynthesis that contribute to pulmonary pathology. Similar alterations in various aspects of mucin biochemistry and biophysics, leading to mucus hypersecretion and altered mucus rheology, result from inhalation of certain air pollutants, such as ozone, sulfur dioxide, nitrogen dioxide, and cigarette smoke. The consequences of these pollutant-induced alterations in mucus biology are discussed in the context of pulmonary pathophysiology and toxicology. -Environ Health Perspect 1 02(Suppl 2): 89-103 (1994).
Introduction
The lung is a unique organ in it consists of a very large epithelial surface that is continuously exposed to the outside world. Unlike a similarly exposed epithelial surface, the skin, the lung cannot make use of multiple layers of relatively impermeable cells as a barrier to harmful substances in the outside environment. This is because the function of the lung, i.e., gas exchange, demands that there be a minimal thickness of gas-permeable cell membranes between the airspace and the blood. Instead, the lung uses specialized secretions produced by the airways to provide a renewable and transportable protective layer to interact with, neutralize and remove inhaled toxic materials. Mucus is the principal airway secretion with this function.
Airway mucus is a viscous solution with defined physical and chemical properties that enable it to be transported out of the lungs by the ciliary motion of the ciliated cells lining the airways. Thus airway mucus is part of the mucociliary clearance mechanism, also known as the mucociliary escalator, that continuously sweeps trapped or neutralized inhaled materials out of the airways. This system also provides a vehicle for the removal of alveolar macrophages, the principal resident phagocytic cell in the lung, whose function is to ingest microorganisms and other particulates that reach the alveolar space. Alterations in mucus properties can occur as a result of certain disease states and exposure to inhaled toxic compounds. As will be discussed, these alterations can cause impaired pulmonary clearance and a number of pathologic conditions leading to, and resulting from, excessive mucus secretion.
The focus of this report is the role of mucin in the pulmonary toxicology of air pollutants. Included are sections describing current concepts in mucin biology, i.e., its biochemistry, biophysics, and histochemical properties, as well as its function in normal and pathophysiology. This is followed by a review of effects on mucin biology that are relevant to the pulmonary toxicology of inhaled pollutants.
Mucus Composition
The classic model of the airway mucociliary system depicts mucus as a layer of highly viscoelastic luminal secretions floating on a layer of fluid of low viscosity (the sol or periciliary fluid layer). Mucus from healthy subjects is difficult to obtain because, in the absence of trauma or disease, very little is produced by the lung (1, 2) . Furthermore, even under carefully controlled conditions normal mucus contains significant quantities of cellular debris and airborne materials that confound analyses. Largely due to the lack of sufficient uncontaminated material available for study, the composition of normal human mucus is still uncertain (1, 3) . Analysis of sputum obtained from diseased subjects, normal secretions induced with hypertonic saline and recovered secretions from laryngectomized patients has yielded the consensus that mucus is 95% water, 2% glycoproteins, 1% proteins, 1% lipids, and 1% inorganic salts (1) (2) (3) (4) .
In contrast to normal airway secretions, mucus produced in the airways of patients with respiratory disease contains significant amounts of serum proteins. These proteins are believed to be responsible for alterations in the rheology of airway secretions characteristic of some pathologic conditions such as bronchitis and bronchiectasis (3) . Some studies have suggested that at least part of the lipid in intestinal mucus is in the form of fatty acids covalently attached to glycoproteins (5, 6) . Airway glycoproteins, however, appear to contain small amounts of fatty acids that are noncovalently associated with hydrophobic regions of these molecules (7) . For an excellent discussion of nonmucin proteins, antioxidants and other organic constituents of airway mucus, the reader is referred to a review by Hatch (8) . Water Content Regulation of water content is crucial to maintaining viscoelasticity that is optimal ' for the transfer of momentum from the beating cilia of the airway epithelium to the mucus blanket of the mucociliary clearance system (1) . A considerable fraction of the water in mucus is bound to the macromolecules or physically trapped inside the interstices formed by dissolved glycoproteins (3) . The amount of water in mucus is determined by the availability of water in the airway, which is tightly linked to the movement of the ions that make up the inorganic salts found in mucus.
The source of mucus water, and for that matter all airway water, is vascular transudation from the blood (3) . This transudation results, in part, from the difference in hydrostatic pressure between the vascular bed and the airspace. However, the main mechanism for moving water into the airway is provided by an osmotic gradient established by the vectorial transport of ions into the lumen carried out by the airway epithelium. The tracheobronchial epithelium secretes Cl-ions and absorbs Na+ ions. Under normal conditions, the amount of Cl-ion secreted exceeds the amount of Na+ ion taken in, establishing an ionic gradient for net water secretion into the airway (9) . Water lost by evaporation during the humidification of inspired air also increases the osmotic gradient and, thus, the water movement into the airway lumen (10) . The ability to maintain the proper ionic composition of airway secretions is essential to maintaining normal mucociliary clearance. A defect in the mechanisms that regulate ion balance in the airway lumen is the central pathogenic feature of cystic fibrosis (9) .
Mucus Rheology
In terms of both normal and pathophysiology, viscosity and elasticity are the most important physical properties of mucus, enabling it to be transported by ciliary movement (11) . The principal determinant of the viscoelastic properties of mucus are the mucous glycoproteins, or mucins. Mucins are structural and secretary products of all secretary epithelia, including the airway epithelium. These glycoproteins are normally found as a dissolved, entangled network in mucus. When dissolved in purified form, mucins have been shown to form a gel (12) and recreate the rheologic properties of mucus (1) . It is for these reasons that mucins and the factors that affect their structure and expression in health and disease have been extensively studied. Many modern methodological approaches to the study of the physicomechanical properties of this complex material have been developed, as recently reviewed (13) . They range from models that seek to mathematically describe and predict the behavior of mucins in solution (14) , to two-phase gas-liquid flow (15) , magnetic rheometry (16) , and sinusoidal oscillation methods (17) .
Biochemical Analysis
Mucins are complex and heterogeneous molecules. They have been classified as acidic and neutral species, depending on their content of acidic groups, e.g., sulfate or sialic acid. Based on their sensitivity to neuraminidase, mucins have been further grouped into sialic acid-containing and sialic acid-free species (18) . Acidic and neutral glycoproteins can be distinguished histochemicaly with Alcian blue-periodic acid Schiff stain, with which acidic glycoproteins stain purple and neutral ones appear magenta (19) . This classification scheme is useful in evaluating mucin histochemical changes that occur in a variety of disease processes. However, it is noted that even "neutral" mucins contain sialic acid and sulfate when analyzed chemically.
Mucins are polydisperse and highly glycosylated molecules with molecular weights varying from a few hundred thousand to well over a million daltons (20) . Mucin polydispersity may be the result of variation in peptide size (21) . The classic structural representation of mucin is that of the "bottle brush," which depicts hundreds of carbohydrate chains attached to a peptide core (22) . Typical methodology for the analysis of mucin (23) includes extraction with 8 M urea (24, 25) or a chaotropic agent such as 6 M guanidinium chloride in the presence of endogenous protease inhibitors. After low-speed centrifugation to remove insoluble material, mucins are isolated in the void volume of an agarose gel column and further purified by CsCl density gradient centrifugation according to their density. Characterization of mucin glycoproteins is accomplished by agarosepolyacrylamide gel electrophoresis (26, 27) with silver staining and analytical ultracentrifugation (11, 28) . Electron microscopy is also widely used for the analysis of the size and architecture of mucin glycoproteins. This technique has revealed that these molecules are flexible random coils with lengths ranging from 0.2 to 5 pm (29-31), although variations between studies exist, apparently due to differences in sample preparation (32) . Sample handling and preparation has a significant effect on the integrity of mucins analyzed by other methodologies as well. To isolate intact mucins, the once standard high-shear extraction methods and disulfide bondbreaking reagents such as dithiothreitol are now avoided (11) .
Mucin Peptides
Until recently, mucins were thought to have relatively conserved amino acid sequences (1) . However, recent evidence obtained using methodologies that preserve the protein core of these glycoproteins, as well as new gene sequence information, suggests that there are multiple and polydisperse peptides, or apomucins (33, 34) . Protease-sensitive, sparsely glycosylated regions are found at both or one end of the peptide and are rich in aspartate and cysteine (approximately 13 to 16 per region). These cysteine residues form disulfide bonds within and between peptides and appear to dictate the folding of the assembled mucins (1) . The glycosylated regions of mucin are protease-resistant segments rich in serine and threonine residues linked to carbohydrate chains (22) .
Carbohydate Content
Approximately 80% of the weight of the mucin molecule is carbohydrate (33) , and these covalently attached sugars confer mucins with most of their heterogeneity and structural complexity (22) . These carbohydrates are arranged in chains, called mucin type-glycans that include fucose, galactose, N-acetylglucosamine, N-acetylgalactosamine, and N-acetylneuraminic acid. Mucin type-glycans are linked to the peptide at a serine or threonine residue by N-acetylgalactosamine that is alkali-labile (22, 35) . Reductive elimination frees the mucin type-glycan from the peptide and produces chains that range in size from 1 (N-acetylgalactosamine) to 20 carbohydrate residues (36) . In addition, mucin oligosaccharide structures vary greatly with regard to anomeric configuration and linkages. For example, galactose can link to an adjacent sugar, either galactose, N-acetylglucosamine, or N-acetylgalactosamine, in a or ,B anomeric forms and in 1-3, 1-4, or 1-6 linkages. Mucin glycans can be classified into three groups of increasing acidity: neutral, sialylated, and sulfated (22, (36) (37) (38) . To date, over 100 mucin oligosaccharides have been identified, including 81 from one subject alone (22, 37, (39) (40) (41) .
Functional Histology

Glycoprotein-Secreting Cell Types
The lungs of a typical healthy adult secrete mucus at a rate of 0.1 to 0.3 ml/kg body weight per day. Airway mucus is produced and secreted by several different cell types. Perhaps the most specialized cell for this task is the goblet cell, found mainly scattered among ciliated cells in the trachea and, in fewer numbers, in the bronchi (42) . Goblet (44, 47) .
Serous cells are arranged within the terminal portion of the acini (an acinus is a rounded exocrine secretary unit) of submucosal glands (43) . The approximately 5000 submucosal glands found under the airway epithelium between the trachea and the subsegmental bronchi are the major source of mucus in the normal lung (10) . The proximal terminus of the submucosal glands are lined by mucus-secreting cells. These cells are packed with confluent, electron-lucent mucigen granules (43) . Mucus acini in submucosal glands secrete mainly glycoprotein, while serous acini also secrete antibacterial compounds and antiproteases (48) . The size and number of submucosal glands increases when the airway is exposed to environmental irritants such as tobacco smoke (43) .
Morphometric studies on airway goblet cells and gland cells have shown that mucus is secreted from these cells as droplets 1 to 2 pm in diameter (49) . The droplets are believed to be made up of concentrated glycoproteins, which in a matter of seconds absorb several hundred fold their weight and volume in water drawn from the periciliary fluid (50) . As the glycoprotein droplets swell, they begin to form plaques or "rafts" of mucus that move over the periciliary fluid. As the diameter of the airways increases, these rafts coalesce into larger islands of mucus, to eventually form a sheet of mucus (51) .
All secreted mucus is eventually transported out of the airways to the top of the trachea, where it is swallowed. This process is referred to as mucociliary function. It is estimated that 10 ml of mucus reaches the top of the trachea in a healthy adult every day (52) . The mucus layer over the airway epithelium is approximately 5 to 10 pm thick and flows towards the trachea at a rate of 4.2 to 7 mm/min (53) . Mucus flow at the trachea is between 7 and 25 mm/min (10) . Factors affecting the rate of mucus flow include the thickness of the periciliary fluid layer and the relative humidity of inspired air, ciliary beat frequency, gravity, and airflow. The contribution of these factors to the mucus flow will be discussed next.
Perciliary Fluid Surprisingly little is known about the periciliary fluid layer. It is believed to be an epithelial cell exudate (54) , 6 pm in depth (10) , having low viscosity and an ionic content that is tightly maintained by the movement of sodium and chloride by the airway cells (55) . The periciliary layer in the distal airways and respiratory bronchioles probably contains some surfactant and other alveolar components (56) . A phospholipid layer appears to exist between the periciliary fluid layer and the mucus sheet, and may lower the surface tension between the two layers (57) . The thickness of the periciliary fluid layer provides a low viscosity medium between the cell surface and the mucus layer in which the cilia can beat and propel the mucus blanket (44) .
The relative humidity of inspired air determines the rate of evaporation of fluid from the mucus sheet. This effect is most evident in the upper airways and the trachea, where incomplete humidification of inspired air is more likely (58) . The effect of airway evaporative loss on the depth of the periciliary fluid layer is not known (10 (42) . The cilia beat in a synchronized, wavelike manner to propel the mucus towards the trachea. Each ciliated cell has 200 to 300 uniformly spaced cilia about 6 pm in length (10) . The cilia project into the periciliary fluid, with only their tips embedded in the mucus layer. Each cilium is 0.25 pm in diameter and is composed of an axoneme surrounded by a special process of the plasma membrane called the ciliary membrane (42, 59) . The axoneme itself is made up of nine interconnected doublets of microtubules surrounding a pair of central microtubules. The axoneme is anchored via the basal body to the network of microtubules of the cell cortex. The basal body is composed of nine interconnected triplet microtubules. Each microtubule is made of protofilaments of tubulin, a self-assembling cellular protein.
The microtubule doublets are linked to each other via arms of dynein, a protein with ATP-ase activity (43) . The length of the cilium of the respiratory epithelium is a compromise between the bioenergetic advantages offered by a longer dynein arm and the required stiffness imparted by minimal length (56) .
During ciliary movement, the axoneme microtubule doublets.slide past each other. The binding of ATP to dynein releases and shortens the arm linking the doublets. As the ATP is hydrolyzed, the linkage between the doublets reforms at a more proximal site (43) . This cycle of attachment and reattachment of dynein arms between microtubule doublets is repeated many times during each ciliary beat. The beating of groups of neighboring cilia is synchronized into "metachronal waves" as a result of a similarity in viscous forces experienced by the cilia at a given location (44) . A similar self-regulating mechanism is responsible for enlisting the number of beating cilia necessary to keep mucus flowing at a steady rate. A given patch of mucus is propelled by a group of many cilia beating in a coordinated fashion. As the movement of the cilium is slowed down by the inertia of the slower-moving mucus blanket, other cilia catch up with it and transfer their energy to the mucus as well. The net effect is that the slower the mucus blanket moves over a given area of the epithelium, the greater the number of synchronized cilia propelling it (44) .
Due to its high glycoprotein content, mucus behaves as a non-Newtonian fluid, with elastic properties that cause it to temporarily absorb energy by changing its shape (56) . The amount of time elapsed between the deformation of mucus and its recoil to its original shape is refered to as the relaxation time, which has been measured to be approximately 30 sec for mucus (60) . Efficient transfer of energy from the beating cilia to the viscoelastic mucus layer requires that the ciliary beat frequency be faster than the relaxation time (56) . This requirement is easily met, since typical ciliary beat frequencies range from 7
Volume 102, Supplement 2, June 1994 cycles/sec in the peripheral airways to 25 cycles/sec in the trachea (61) . This variation in ciliary beat frequency is reflected in the above mentioned increased rate of mucus flow that takes place in the trachea. The surface area over which mucus flows in the peripheral airways has been calculated to be approximately 70 m2, compared to 0.6 m2 in the trachea (10) . This means that the proportionate volume of mucus reaching the trachea is increased over 100-fold with respect to the distal airways. The higher tracheal ciliary beat frequencies are needed to prevent mucus accumulation and clogging of the airways.
Studies of the regulation of ciliary beat frequency have suggested a dual control mechanism. A direct neurohormonal effect seems to be mediated by 3-adrenergic stimulus and transduced via cAMP, with an ultimate effect on the axoneme itself (62) .
It has been proposed that cAMP and Ca2' regulate ciliary beat frequency by regulating the intracellular availability of ATP or its access to the axoneme (63) . In addition to providing the chemical energy for the movement of the cilia, ATP is one of several purine nucleotides and nucleosides demonstrated to provide luminal regulatory control of ciliary beat frequency via specific purinergic receptors (64) . A second, possibly independent, effect is based on mechanical stimulation of the cilia by foreign particles or by mucus itself. (56, 62) . Calcium flux experiments have shown that mechanostimulation of ciliary activity may involve the opening of calcium channels and the elevation of intracellular calcium concentrations (56) . It is clear that many stimuli of mucus secretion also stimulate mucus transport, i.e., increase ciliary beat frequency. Whether the ciliary response to these stimuli is secondary to the presence of increased amounts of mucus on the cell or is independent from it is an issue yet to be resolved (56) .
In addition to optimized ciliary beat frequencies, efficient mucus mobilization requires proper contact between the cilia and the mucus blanket. Under normal conditions, the cilia beat while completely immersed in periciliary fluid, with only the tips of the cilia coming in contact with the mucus blanket (43) . Each ciliary beat consists of a propulsive stroke, a rest phase, and a preparatory stroke. During the propulsive stroke the cilium reaches its maximum extension, causing the ciliary crown to penetrate the mucus layer, thereby transferring its momentum to it (44, 56) . The rest phase may merely reflect a metabolic recovery period or serve as a reserve period that enables increased beat frequency when needed (10) . Ciliary movement during the recovery period is backwards and downwards, with a clockwise rotation in a plane parallel to the cell surface (44, 56) . The combined effect of the different phases of the ciliary beat is to propel the mucus unidirectionaly, with minimal energy spent repositioning the cilium for the next stroke. The thickness of the periciliary layer provides the critical distance that allows optimal ciliary contact with the mucus layer above. The cilium itself appears to have a regulatory effect on the depth of the periciliary fluid. If the fluid is too deep, excess fluid may be swept away by ciliary beating. When the layer is too shallow, ciliary contact with the mucus layer will be stronger, and this may stimulate ionic transport by the ciliated epithelium which in turn results in increased fluid secretion into the airway (56) .
Several techniques for the measurement of mucus clearance rates have been devised over the years, as recently reviewed by Schlesinger (65) . In their simplest form, these methods involve monitoring the movement of endogenous or artificial markers (inhaled, blown in, or placed on the airway) from the periphery toward central areas of the respiratory tract. Artificial markers commonly used include pollen, Teflon disks, dyes, colored beads, and technetium-99-radiolabeled iron particles. Detection methods depend on the type of marker used, but typically involve bronchoscopy, serial sampling, or imaging with a gamma camera. An elegantly simple method for measuring mucus velocity in the nose is the saccharine test, in which the time elapsed before a subject is able to taste a saccharine tablet placed in his nose is measured (44, 65) .
Additional factors affecting mucociliary transport include gravity and air flow (10) . Gravity can impair the efficiency of ciliary activity significantly when the thickness of the periciliary layer is greater than 10 pm or when the fluid becomes less viscous due to dilution. In large airways, turbulent airflow can also contribute to mucus clearance (66) . This is in fact the mechanical basis for the cough reflex, the only alternative mechanism for removing mucus from the airways when mucociliary clearance is impaired (10) .
Mucin Biochemistry
Given that glycoproteins are responsible for the physiologically relevant characteristics of mucus, it has naturally followed that research efforts directed at understanding the metabolic and genetic aspects of airway mucus biology have focused on mucins. Accordingly, the following section will consist of a review of current mucin biochemistry and molecular biology.
Mucin Genes and Transcription
Present understanding of the organization and regulation of genes coding for mucin peptides, or apomucins, is rudimentary, as this field is very much in its developing stages. Human tracheobronchial apomucin genes have been mapped by Aubert and colleagues to chromosomes 1 p 1 5, 13, and 3 (33, 67) . In addition, a cystic fibrosis tracheal apomucin gene has been mapped to 1 lp13-1 1Ter (68) . The presence of multiple nucleotide sequence homologies between chromosomes 11 and 13 have hampered efforts to determine whether there are multiple apomucin genes on chromosome 11 p15. However, at present, at least two or three other chromosomes are implicated as containing apomucin genes.
Only partial cDNA sequences of tracheobronchial apomucins have been published in the literature to date. Aubert and co-workers screened a X-gtl 1 cDNA library from human bronchial mucosa with antibodies prepared against chemically deglycosylated airway glycoproteins. Immunohistochemical studies carried out with these antisera showed specific labeling of goblet and mucous glands that was limited to the perinuclear area and did not include mucus granules, which contain the highly glycosylated product (46) . Upon screening of the cDNA library with these antisera, the nucleotide sequences of positive clones were examined (33) . This work has so far produced three families of human tracheobronchial glycoprotein genes, suggesting that human airway apomucins are considerably more heterogeneous than once was thought. The first family is described as consisting of repetitive sequences of 8 and 16 amino acids. This pattern of multiple repeated sequences appears to be a characteristic of apomucin genes. The second family contains two clones with near identical amino and carboxy termini that share perfect homology with 14 of a 22 amino acid stretch of a human tracheobronchial apomucin previously published by a separate group (69) . Furthermore, this second family contains a third clone that has sequences coding for 30 uninterrupted hydroxy amino acids. The third family described by Aubert et Aubert' s group exhibit a repeated pattern consisting of a domain of hydrophilic amino acids flanked by a histidine-rich sequence and a prolinerich sequence. Presumably, these flanking sequences code for nonglycosylated and glycosylated regions of the peptide, respectively. A partial sequence of canine tracheal mucin cDNA has also been reported (70) .
In addition to the extensive heterogeneity of apomucin genes, there is also much variation at the transcriptional level. Northern hybridization of mucosal epithelium with mucin probes produces smears instead of discreet bands, indicating that there is extensive heterogeneity in the size of mucin mRNAs (71) (72) (73) (74) . On the basis of sequence alignments and comparisons, Aubert and colleagues have reported that tracheobronchial mucin exons are relatively small and may be derived from complex alternative splicing (33, 46) . For detailed information about mucin peptide genes, a recent review article is available (34) .
Glycosylation
Although mucin carbohydrate structure is very heterogeneous, it can be understood by noting some simple rules. For example, there are three general domains to mucin glycans: the core (not to be confused with the peptide core), the backbone and the periphery (20, 74, 75) . The core is simply the first two or three sugar residues that are bound to the N-acetylgalactosamine at reducing terminus.
The four major core structures found in GlcNAcf36Gal/GalNAc (I-Ma) (76) .
The carbohydrate structures of the peripherals are rather complex. For example, sialic acid can link to C-3 or C-6 of Gal and C-6 of reducing terminal GalNAc while sulfate has been identified at C-6 of Gal (37, 38) .
Substitutions at the nonreducing termi- GlcNAc in addition to blood groups H, B, and A determinants. Fuc also links al-2 to internal Gal, a structure recently identified (38) . Thus, mucin glycans alone can vary extensively in their overall structure, based on the possible permutations of the cores with the different backgrounds and possible peripheries. When one considers that the mucus glycoproteins consist of peptide chains covered in sections with this vastly heterogeneous spectrum of mucin glycans, it can be readily appreciated that these are very large and highly complex molecules. For further information about airway mucin carbohydrate structures, several comprehensive reviews have been published (20, 22, 37, 75) .
As with any peptide, apomucin translation takes place in the rough endoplasmic reticulum and involves the initiation, elongation and termination of the peptide product. The addition of the first sugar, N-acetylgalactosamine, occurs at the cisGolgi compartment (77, 78) . Other glycosylation steps as well as sulfation reactions take place at various compartments of the Golgi apparatus as demonstrated by cytochemical, histochemrical and autoradiographic approaches (79 (81) , and pH in the lumen of Golgi apparatus (83) . The product formed in the preceding reaction will then serve as the acceptor for subsequent glycosyltransferase reactions. In other words, the assembly of mucin carbohydrates is not directed by a template, but by various glycosyltransferase-catalyzed reactions. The glycosyltransferases involved in the assembly of mucin oligosaccharides can be classified into the chain-elongation and chain-termination enzymes. The chain-elongation enzymes generate the carbohydrate structures which allow for continued growth of the carbohydrate chains. This group of enzymes includes mucin peptide:ctGalNAc transferase (77, 84) , I3Gal transferases (85-87), and PGlcNAc transferases (88) (89) (90) . On the other hand, the carbohydrate structures generated by the chain-termination enzymes stop or limit further chain growth. These enzymes include sialyltransferases (91) , and blood groups A (92), B (93) , and H (94) enzymes. If sialic acid is linked to the first sugar, i.e., GalNAc, the product can not accept additional sugars. Depending upon the sequence of addition of these sugars as catalyzed by these two groups of enzymes, mucin carbohydrate chain length and structures can be very heterogeneous. This phenomenon could explain the tremendous microheterogeneity exhibited by mucin oligosaccharides. When mucin synthesis nears completion, sulfation of the oligosaccharides takes place at the trans-Golgi membranes (81) before mucin is packaged into the secretory granules. Sulfotransferase-catalyzed reactions utilize the sulfate donor, 3'-phospho-5'-phosphoadenosylsulfate (PAPS). PAPS is formed in cytoplasm from inorganic sulfate, which is derived from serum inorganic sulfate, or from sulfur-containing amino acids, by the consumption of two molecules of ATP as sequentially catalyzed by ATP sulfurylase and adenosine 5'-phosphosulfate kinase (95, 96) .
Glycoprotein Release
As reviewed by Verdugo, there have been several recent advances in our understanding of the complex processes that lead up to the release of mucins from the cell, and the formation of the continuous mucus gel that covers the airway epithelium (97) . The attachment of a secretary granule containing mucins in a condensed state to the plasma membrane at the apical end of the epithelial cell is the first step in mucin exocytosis. The expansion of a fusion pore on the plasma membrane leads to increased water and ionic permeability and release of the granule contents into the airway. Until relatively recently it was thought that membrane tension established by osmotic swelling of the secretary granule was responsible for the formation and widening of the pore. However, new evidence has shown that pore formation precedes, and can be uncoupled from, granule swelling (97) .
The explosive rate of swelling undergone by mucins upon exocytosis cannot be accounted for by a simple osmotic process. Moreover, condensed mucin granules fail to decondense when placed in water free of ions (98) . These and other findings have led to the "jack-in-the-box" model of glycoprotein exocytosis (97 Basal production and release of airway mucus in humans is believed to be spontaneous and independent of enervation, since neurotransmitter antagonists and vagotomy have no effect on secretion (99 (80, 101) . The potent phospholipid inflammatory mediator platelet activating factor also stimulates mucin secretion of tracheal explants in vitro (102) .
Mechanism of Glycoprotein Release
Relatively little is known about the cellular and biochemical mechanisms that mediate the release of glycoprotein in airway cells. As reviewed by Spicer and Martinez, there is evidence to suggest that the mechanisms are similar to those of other exocrine glands (80) . Cyclic nucleotides stimulate mucin release in rat tracheal explants, suggesting their role in a signal transduction mechanism. Similarly, the phosphodiesterase inhibitor, theophiline, causes glycoprotein secretion in human airways in vitro (100). Calcium dependency, possibly with a role in signal transduction, has also been demonstrated in rat trachea stimulated with acetylcholine (80 (77) . Consistent with these findings, many effective submucosal autonomic agents that stimulate mucin release in explants have no effect on goblet cells in vitro. These include acetylcholine, norepinephrine, and isoproterenol (100). This contrast in the pharmacology of mucin release by submucosal glands and goblet cells seems to extend to proinflammatory humoral mediators as well. For example, prostaglandins E2 and F2a have no effect on goblet cells in vitro, yet they induce mucus secretion in animal trachea (80, 103) .
Release of glycoproteins by goblet cells in vitro can be stimulated by ATP, proteases, or by physicochemical manipulations, such as alteration in pH, mechanical stress, and hypoosmolarity (103) . The response to ATP is receptor mediated and specific. In contrast, glycoprotein release induced by physicochemical stimuli, such as pH changes, is believed to be the result of damage of the cell membrane. Hypoosmotic conditions are analogous to mechanical stress on the cell in that both types of stimulus seem to work through pressures exerted on the cells. Similarly, the effect of mast cell and neutrophil proteases (e.g., elastase, chymase, and cathepsin G) may also be nonspecific, being the result of cleavage of membrane-bound glycoproteins as well as damage caused by hydrolysis of cell membrane proteins (103, 104) . For additional information regarding mechanisms that control mucus release, the reader is refered to an excellent review by Lundgren and Shelhamer (105) .
Mucus in Lung Disease
Pathophysiologic changes involving airway mucus are a feature of many pulmonary diseases. These changes can be either qualitative, i.e., changes in mucus composition or structure, or quantitative, i.e., changes in the amount of mucus in the lung. A Environmental Health Perspectives change in mucus composition could be due to altered glycoprotein biosynthesis, electrolyte transport, or water content. Alternatively, structural modifications can be the result of interactions between normal mucus and pathogens or reactive chemicals.
Typically, quantitative changes in mucus involve hypersecretion of airway mucin. The pathogenesis of mucus hypersecretion in the airway was recently reviewed (105) . Hypersecretion can be due to increased mucin biosynthesis and release by goblet cells or submucosal glands, or to increased numbers of mucin-secreting cells brought about by faster cell division (hyperplasia) or by differentiation of nonsecreting cells (metaplasia) (106, 107) . Another mechanism leading to increased mucus volume in the lung is leakage of plasma components into the airspace as a result of increased vascular permeability (107) . A brief review of pulmonary diseases in which some of these underlying mechanism contribute to the pathologic role played by mucus now follows.
Chronic Bronchitis
Chronic bronchitis is basically an inflammatory disease of the airways characterized by persistent chronic cough with sputum production. Most patients with chronic bronchitis are smokers or ex-smokers (108) . Microbial and viral infections, as well as urban and industrial air pollutants, are believed to exacerbate the condition, but are not likely initiators of bronchitis (106) . The pathologic hallmark of chronic bronchitis consists of hypertrophy and hyperplasia of submucosal glands, as well as hyperplasia and metaplasia of goblet cells (105, 106) . Mucus hypersecreted in chronic bronchitis is apparently normal in composition, although it can contain a higher content of plasma components which may inhibit ciliary activity (108, 109) . Mucus from bronchitic patients is more viscous during flare-ups of the disease. In addition, persistent reductions in the rate of mucociliary clearance have been reported in patients with chronic bronchitis (108) .
Cystic Fibrosis
Cystic fibrosis is a disease that illustrates in compelling terms the importance of mucociliary clearance to normal lung function. The most common lethal genetic disease among Caucasians (9), cystic fibrosis is characterized by a systemic defect in exocrine gland secretion. Expression of the disease varies considerably, but sweat and mucus glands are involved most frequently.
The most serious manifestation of the disease is the retention within the airways of abnormally viscous mucus (106) . It is the inability of the mucociliary system to remove this thick mucus, along with trapped microorganisms and debris, that results in enlargement of airway caliber and persistent infection. Persistent infections with Staphylococcus aureus and Pseudomonas aeruginosa are characteristic of cystic fibrosis and lead to chronic inflammatory reactions which are believed to be responsible for much of the destruction of lung tissue that is seen in patients afflicted with the disease (106, 110) . The inflammatory response is multistaged and complex, involving the participation of neutrophils, monocytes and macrophages. Proteolytic destruction of lung tissue by neutrophil-derived proteases such as elastase is thought to be a principal source of lung damage in cystic fibrosis (110) . Increased sulfation of airway mucins (24) and other high molecular weight glycoconjugates (111) has been reported. However, the relationship between altered sulfation of glycoconjugates to the basic defect, mucus accumulation, and bacterial colonization in cystic fibrosis patients remains to be elucidated.
As reviewed by Welsh, the central pathogenic feature of cystic fibrosis is an alteration in electrolyte transport by the airway epithelium, which leads to insufficient hydration of glycoproteins (9) . Airway epithelial cells secrete CF-into the airway and absorb Na+ from the airway. CF-and Na+ ions are first co-transported into the basolateral side of the cell in an electrically neutral process that allows intracellular transport of CF against its concentration gradient. This process is made possible by the action of a Na+/K+ATPase, which exports Na+ through the basolateral membrane of the cell, thus keeping its intracellular concentration low. This ATPase activity also moves K+ into the cell, which indirectly contributes to a favorable gradient for apical CF-secretion and Na+ absorption through specific regulated channels. Many neuropeptides (e.g., bradykinin), hormones (e.g., aldosterone) and mediators (prostaglandins) influence the permeability of the CF-channel(s), apparently by increasing cAMP levels in the cell (9) .
Airway epithelial cells from cystic fibrosis patients secrete considerably less CF-ion and absorb more Na+ through their apical membrane than cells from normal subjects (9, 121) . This is due, at least in part, to a defective cAMP-regulated CF transport channel (9, 113) . The putative gene responsible for this defect was identified in 1989 (114) (115) (116) . The gene coding for "cystic fibrosis transmembrane conductance regulator" (CFTR) has a deletion of 3 base pairs corresponding to phenylalanine at residue 508. This single mutation in CFTR accounts for 70% of cystic fibrosis genes (116) . The altered CFTR peptide causes abnormal glycosylation of CFTR, rendering its failure to be targeted to the plasma membranes at 370C (117) . This targeting abnormality can be reversed at 270C (118) . CFTR has been shown to be a chloride channel (119) (120) . Gross pathology findings in the airways of victims of fatal asthma attacks (status asthmaticus) include the presence of a tenacious mixture of mucus, exudate, epithelial cells, lymphocytes, and eosinophils (48) . Mucoid impactions in the airways of asthmatics may be present even in the absence of infection (121) . Also evident are hyperplasia and hypertrophy of submucosal glands and hypertrophy, hyperplasia, and metaplasia of goblet cells in peripheral airways (106) . The same histologic changes are reported in patients with stable asthma, but to a lesser degree (122) . Mucus plugs and impaired mucociliary clearance may be found even in patients with mild asthma or during remission of the disease (123, 124) . In addition to hypersecretion, changes in mucus secretion in bronchial asthma include increased permeability to serum constituents and altered water transport into the airway (122) .
Increased endothelial permeability is believed to mediate the airway edema observed in cases of fatal asthma. Similarly, increased epithelial permeability is likely to be responsible for the leakage of serum components into the airway, changes in the periciliary fluid layer that can lead to inhibition of ciliary function, and increased mucus volume in the lung (109, 122) . In addition, changes in water transport by the airway epithelium, possibly mediated by histamine, have been reported in experimental asthma models and may also contribute to these effects (122 (10.9) . In spite of these limitations, sputum samples can yield useful information about pathologic changes involving mucus production in disease. For instance, an increase in the N-acetylneuraminic acid:fucose ratio in the sputum is understood to reflect leakage of plasma constituents into the airway, which in turn, may indicate a relatively more severe inflammatory reaction in the airways. An elevated N-acetylneuraminic acid:fucose ratio is observed in sputum samples obtained from patients with asthma; however, the absolute concentration of these compounds is low. This suggests that plasma constituents contribute significantly to the increased volume of mucus present in asthmatic lungs. Sputum obtained from bronchitis patients, on the other hand, has high amounts of N-acetylneuraminic acid and fucose but the ratio is normal, indicating that the increased amount of mucus produced in bronchitis is mainly the result of hypersecretion. In sputum from patients with cystic fibrosis the reverse is found, i.e., relatively normal amounts of N-acetylneuraminic acid and fucose but a high N-acetylneuraminic acid:fucose ratio. This suggests that in cystic fibrosis, there is an inflammatory process that results in leakage of plasma components into the airway without hypersecretion of mucus (109) .
The DNA content of sputum is a similar marker of the severity of lung inflammation. Normal lung secretions and nonpurulent bronchitis sputum do not contain detectable amounts of DNA. In contrast, purulent bronchitis sputum contains detectable amounts of DNA, and even nonpurulent cystic fibrosis sputum contains significant quantities of DNA. This finding may well attest to the relative severity of airway inflammation that occurs in cystic fibrosis (109) . Human recombinant DNase has been examined as a possible therapeutic means to alleviate the symptoms of CF patients (125) .
Morphologic Changes in Disease
Although hypertrophy of submucosal glands is evident in both bronchitis and asthma, a relatively greater increase in mucus acini compared to serous acini is seen to occur in bronchitis, but not asthma, patients (48, 126) . Since the serous acini of submucosal glands secrete antibacterial and antiprotease compounds in addition to glycoprotein, the dilution of these components by an increased volume of mucus could result in diminished resistance to both infection and proteolytic attack in bronchitis (48) .
The mechanism responsible for the development of submucosal gland hypertrophy and hyperplasia in asthma and bronchitis is presently unknown. However, neutrophil-derived proteases such as elastase have been implicated in goblet cell hyperplasia, as reviewed (105, 107) . These authors have also proposed a possible mechanism wherein chemotactic lipid mediators such as leukotriene B4 are secreted by epithelial cells during the initial stages of airway inflammation. These mediators could recruit neutrophils into the airway which could then release elastase, causing goblet cell hyperplasia. In support of this scenario is the finding that glucocorticoids, which inhibit the synthesis of lipid inflammatory mediators, can prevent goblet cell hyperplasia induced by neutrophil products (127) .
Effects of Air Pollutants on Airway Mucus
Inhalation of a variety of ambient and occupational air pollutants is known to result in a number of untoward effects in the lung. These include changes in pulmonary function, diminished lung defense and impaired mucociliary clearance, as well as obstructive, inflammatory, and neoplastic disease. These topics have been the subjects of several excellent recent reviews (128) (129) (130) (131) (132) . This section will focus on specific effects of air pollutants on airway mucus function, secretion, and biosynthesis, as they pertain to the development of pulmonary toxicology and disease.
Effects on Mucociliary Function
Impairment of mucociliary function is a consequence of exposure to a variety of air pollutants. The effects of inhaled toxicants on respiratory tract clearance mechanisms have been reviewed by Schlesinger (65) . Essentially, mucociliary targets of inhaled air pollutants are the ciliated epithelium, the periciliary fluid, and the mucus layer.
In addition to the outright epithelial desquamation or destruction of cilia induced by high concentrations of SO2, NO2 and 03 (133, 134) , ciliary activity in the airway epithelium is susceptible to alteration by toxic agents. Agents that impair ciliary beat rate (i.e., induce ciliary dyskinesia or ciliostasis) include H2SO4 (135), SO2, NO2, ammonia (136) , wood dust, cadmium (137), nickel, hairspray (138), cigarette smoke (139) , and formaldehyde (140) . Interestingly, Grose and colleagues found that prior exposure to 03 diminishes the ciliostatic effect of H2SO4 in an ex vivo system (135) . The mechanism of action of ciliostatic compounds can involve structural damage of the cilium, as induced by NO2 (141), or altered energy metabolism caused by heavy metals (65, 138) .
In spite of these findings, the relevance of the ciliostatic effect of inhaled pollutants as a mechanism responsible for impaired mucociliary activity is thrown into question by two factors. First, it has been noted that the dose of toxicant required to induce ciliostatic changes usually far exceeds that required to produce a reduction in mucociliary clearance (65, 142) . Second, a study conducted by Battista and colleagues, showed that 10% of the ciliated epithelium in chicken trachea could carry out 30 to 50% of particle transport activity seen in control animals, suggesting that ciliary activity is present in large excess of that needed for normal ciliary function (143) . Thus changes involving mucus production and function may be more likely mechanisms of the impaired mucociliary clearance induced by inhaled toxicants (142) .
Physicochemical Alterations
Another way in which an inhaled pollutant can alter mucociliary clearance is by altering mucus rheology, either by interacting with mucus constituents directly or by Environmental Health Perspectives influencing its biosynthesis. An alteration of mucus rheology, such as a decrease or increase in viscosity, can diminish the efficiency with which energy is transferred from the beating cilia to the mucus blanket. As presented by Holma (144) variations in mucus pH, such as those caused by SO2 can have a profound effect on mucus rheology. Although factors such as protein concentration and ionic strength also come into play, a reduction in pH generally increases mucus viscosity (144) . Glycoproteins appear to be the principal acid-reactive component in mucus, and, in fact, have been demonstrated to be largely responsible for the buffering capacity of mucus (144) .
Schlesinger (65) discusses chemical cross-linking of glycoproteins as a mechanism via which inhaled toxicants can alter mucus viscosity. Exposure to formaldehyde, a compound known to form chemical cross-links in proteins and nucleic acids (145) , reportedly produces increased mucus viscosity (146) . Similarly, reduced viscosity resulting from exposure to 03 is proposed to be caused by a decrease in the number of chemical cross-links (65, 147) . However, Verdugo has recently argued that the rheologic properties of mucus are imparted not by cross-links between glycoprotein moieties, but by networks of entanglements between glycoprotein strands (97) . Thus, while formaldehyde may indeed increase mucus viscosity by forming cross-links, the reduction in mucus viscosity may not be due to the destruction of existing cross-links between glycoproteins.
Biosynthetic Alterations
Certain inhaled toxicants induce qualitative changes in glycoprotein biosynthesis. Exposure to H2SO4, SO2, or cigarette smoke induces a shift in the type of glycoprotein secreted by the airway to produce a relatively more acidic mucin (18, 19, 64) . This phenomenon is also seen in chronic bronchitis and cystic fibrosis, where the degree of sulfation of secreted glycoproteins is increased (24, 91, 148) , suggesting that it is an adaptive response to cellular injury. In addition, elevation of the activities of several glycosyltransferases has been observed in airway epithelium of S02jexposed dogs and patients with chronic bronchitis (149, 150) . With cigarette smoke, the increase in acidic mucin seen in submucosal glands and goblet cells is due to an increase in sialic acid-containing mucins (18) . Normal rat tracheal epithelium preferentially secretes neutral glycoprotein, while in the peripheral airways there is a bias for the production of acidic glycoprotein. Acute exposure to cigarette smoke abolishes these regional differences within 24 hr, resulting in dominance by a cell that produces both acid and neutral glycoprotein throughout the rat respiratory tract. Sustained exposure to cigarette smoke eventually results in a population of cells that produces only acidic glycoprotein (18, 148) . Unlike goblet cell hyperplasia, the change towards secretion of acidic mucin is apparently not blocked by the anti-inflammatory compound phenylmethyloxadiazole (18) . Whether increased secretion of acidic mucin is due to secretion of molecules with a higher acid content or more molecules with acid moieties is unclear (148) . Interestingly, induction of acid glycoprotein secretion was not observed using 03 as a toxicant in recent studies by Hotchkiss and associates, who found an increase in both acid and neutral glycoprotein in rat and primate nasal epithelium (151, 152) . Whether this reflects a difference in the response by nasal and tracheobronchial epithelium or in the nature of the stimulus is not clear.
Effects on Ciliary Fluid
The depth of the periciliary fluid layer largely determines the quality of the interaction between the cilia and the mucus blanket over the airways above. Optimal periciliary fluid depth and composition are necessary for efficient transfer of energy from the tips of the cilia to the mucus during the propulsive stroke, and for the recovery stroke to take place unimpaired (56) . Periciliary fluid depth and composition can be affected by compounds that affect ion transport by the airway epithelium or increase epithelial permeability to serum components, which can affect mucus rheology and secretion of glycoproteins (19, 65, 153) . For example, in vitro exposure to 03 results in increased Na+ ion permeability across guinea pig airway epithelium (154) , while 03 inhalation produces increased water and C1r ion secretion in sheep tracheal explants in vitro (153) . Similarly, 03 inhalation causes increased epithelial permeability to macromolecules in humans (155) . Foster et al. found that increased secretion of airway fluid or an alteration of epithelial permeability could be responsible for the alterations in mucociliary function that they reported in humans exposed to 03 (156) . Exposure to NO2 caused increased mucosal permeability to large protein molecules in guinea pig lungs (19) . Increased epithelial permeability to water and serum components is also a feature of the pathology of cystic fibrosis and asthma (see preceding section).
Mechanisms ofHypersecretion
Mucus hypersecretion is an important part of the sequelae induced by a number of toxic insults to the lung. Possible mechanisms of hypersecretion include increased release of existing glycoprotein stores, hypertrophy of submucosal glands, hyperplasia of goblet cells, metaplasia of nonsecreting cells into goblet cells, and an altered rate of mucin biosynthesis by goblet cells or cells in the submucosal glands.
Inhalation of some toxic compounds produces acute mucus secretion into the airways. For example, NH3, (54) , and 03 (19, 153) induce glycoprotein discharge from glycoprotein-secreting cells in the airways. Exposure to acidic and alkaline media also stimulate mucin release, albeit secondary to cell membrane damage (157) . Similarly, inhalation of dusts (e.g., charcoal or barium sulfate) provokes release of mucus from cat tracheal explants via a neurogenic reflex pathway as well as a direct stimulation of the mucosa (19) . An increase in tracheal gland sensitivity to cholinergic stimulation has been reported in ferrets exposed to 03 (158) . Both myelinated and unmyelinated (C-fibers) neuronal pathways may be involved in the discharge of mucus in the airway (3, 64, 105) . Eicosanoids such as leukotrienes C4 and D4 and hydroxyeicosatetraenoic acids, have also been shown to mediate glycoprotein release from human airway explants (159, 160) , and may be involved in mucus secretion in response to toxicant exposure (153) . A study by Jones et al. showed that acute exposure of rats to cigarette smoke causes extensive degranulation of mucus-secreting cells, to the point that there is a transient decrease in the number of cells staining positive for glycoprotein content in the airways (148) . In the same study, the antiinflammatory phenylmethyloxadiazole did not prevent tobacco smoke-induced discharge of mucus-secreting cells. However, in a similar study the same drug was shown to be effective in preventing an increase in the basal rate of mucin discharge induced by tobacco smoke, possibly reflecting a difference in the time of administration of the drug between these studies (161 gesting a higher rate of secretion of glycoprotein granules relative to their storage time inside the cell (80, 148) . Work by Mariassy and colleagues has shown that 03 exposure can affect developmental changes in the respiratory epithelium of postnatally exposed lambs. Their studies demonstrate that the decreased secretion of total and sulfated glycoproteins that normally accompanies maturation is retarded in 03-exposed lambs, possibly leading to impaired mucociliary function in these animals (162) .
Increases in the number of airway mucin-secreting cells can be induced by inhalation of S02 (163), 03 (153), C12 (164), NO2 (165), or cigarette smoke (166) . SO2 and tobacco smoke-induced hyperplasia have been studied as animal models of bronchitis. As reviewed by Spicer and Martinez (80) and Abraham (19) , submucosal gland cell and goblet cell hyperplasia is readily apparent in the airways of dogs and rats chronically exposed to SO2. The response of the goblet cell population in the bronchi and bronchioles of dogs exposed to S02 is characterized by an increase in both size and number (163) . The expansion of the goblet cells population is partially due to metaplasia of other epithelial cell types into gobletlike cells with enhanced mucussecreting capabilities (80) . Submucosal gland hypertrophy is apparently also due to both increased replication rate and a metaplastic change of serous cells into mucus cells (73, 80) . SO2 inhalation in dogs has also been shown to cause elevated glycosyltransferase activities in the homogenates of tracheobronchial epithelia, although it was not possible to determine whether this was merely a reflection of the histologic changes also observed in these animals (150) . A recent study suggested that there is an induction in mucin mRNA levels in the airways of rats chronically exposed to SO2 (73) . These results suggest that chronic exposure of animals to SO2 enhances the expression of both mucin and glycosyltransferase genes, resulting in hyperproduction of mucins.
Exposure to cigarette smoke also produces submucosal gland hypertrophy, goblet cell hyperplasia, and evidence of serous-to-mucus cell metaplasia (73, 161, 166) . Tobacco smoke-induced hyperplasia of secretary cells can occur within hours of a single exposure and may also involve basal cells (148) . Metaplastic changes in the airways of rats exposed to cigarette smoke are evidenced by increased rates of mitosis among basal cells and serous cells but not mucus cells (73) . Tobacco smoke-induced secretary cell hyperplasia in rats can be inhibited with indomethacin and steroidal anti-inflammatory drugs (e.g., dexamethasone, hydrocortisone), suggesting that cyclooxygenase products are involved (166) . Mucolytic drugs such as N-acetylcysteine are also inhibitors of the hyperplastic response, perhaps by preventing glutathione depletion in cigarette smokeexposed cells (166, 167) . 03 exposure also induces hypertrophy of submucosal glands and hyperplasia of goblet cells (153) . In this study, the morphologic changes induced in the airways of sheep by chronic 03 inhalation were correlated with decreased glycoprotein and increased water secretion. However, increased glycoprotein secretion with continued water secretion was observed following a period of recovery after exposure, suggesting that the initial decrease in glycoprotein secretion was due to depletion of mucin stores (153) . Similar kinetics, i.e., decreased glycoprotein secretion followed by a rebound to increased secretion, was seen in the tracheal explants of rats exposed to 03 in vivo (168) .
It has been proposed that metaplasia may play a larger role in toxicant-induced hypersecretion than previously thought (73, 151) . Evidence for this hypothesis is based on studies showing increased numbers of goblet cell in areas of the lung where they are normally scarce or absent, such as the lung periphery (169) , and an increase in the population of mucus cells without an apparent change in the mitotic rate of these cells (170) . Hotchkiss and associates have demonstrated similar evidence of metaplastic changes responsible for the increased number of goblet cells in nasal epithelium from rats exposed to 03 (151) .
The possible role of inflammatory cellderived proteases such as elastase in the development of metaplastic changes in the airway induced by tobacco smoke or SO2 was recently reviewed by Jany and Basbaum (73) and Lundgren et al. (105, 107) . A study by Christensen et al. (171) showed that a single dose of pancreatic elastase causes an apparently irreversible goblet cell metaplasia in guinea pigs. In a more recent study, the steroidal anti-inflammatory drug dexamethasone was effective in inhibiting neutrophil elastase-induced goblet cell hyperplasia in rat trachea, suggesting the involvement of lipid mediators (127) . Supporting this scenario is the finding that prostaglandin E1 induces increased numbers of mucus cells, without preceding DNA synthesis, in the airways of mice, a process apparently mediated through cAMP since the analog dibutyryl cAMP had the same effect (170) . These findings are intriguing in light of studies by Koren and colleagues, which showed that 03 inhalation produces neutrophil infiltration into the airways, as well as increased levels of eicosanoids and neutrophilderived elastase in bronchoalveolar lavage fluid from human subjects (172) . Interestingly, no increase in elastase activity was found in this study. The authors suggest that this is possibly due to inactivation of elastase activity by endogenous antiproteases such as x-l-antitrypsin (173) , and also that microfocal secretion by neutrophils could permit some elastase to escape antiproteases (1 72,174) . Tobacco smoke exposure may also inhibit endogenous antiproteases in the airway (175) .
Summary and Conclusions
Airway mucus is a glycoprotein-rich mixture secreted from the airways. It serves as a dynamic, replenishable barrier against inhaled particulate and gaseous contaminants in the lung. Vital to the role of mucus as a component of both lung defense and pathology are its viscosity and elasticity which, under normal conditions, permit mucus to act as an efficient "biologic conveyor belt," removing trapped and dissolved materials that enter the lung with inspired air. These rheologic properties of airway mucus are imparted by mucous glycoproteins synthesized and released by specialized cells in the airways.
Mucins are complex, heavily glycosylated macromolecules whose biosynthesis and secretion appear to be under close regulatory control, yet able to respond quantitatively and qualitatively to alterations in lung homeostasis, such as those resulting from respiratory disease or inhalation of toxic materials. An example of such a biosynthetic response is the increased secretion of acidic glycoproteins seen in patients with chronic bronchitis or cystic fibrosis, and in animals exposed to cigarette smoke, SO2 or H2SO4. Since changes in the pH of mucus are associated with alterations in its rheology, it is tempting to speculate that increased mucus acidity is behind the increase in mucus viscosity and reduced mucociliary clearance that are also associated with these diseases and exposures.
The finding of changes in mucus pH are also intriguing in light of the fact that Holma (144) has suggested a link between inflammatory airway diseases such as asthma and alterations in the pH of mucus in the airway resulting from inhalation of acid aerosols. Individuals producing mucus Environmental Health Perspectives with low pH or low buffering capacity, e.g., some asthmatics and smokers, may have an elevated risk for developing untoward respiratory sequelae with exposure to acid aerosols. In addition to alterations in mucus rheology, acidification of mucus may lead to increased epithelial permeability, and could therefore be a mechanism leading to the airway edema seen with asthma (144) .
Increased epithelial and endothelial permeability to serum constituents is a hallmark of inflammation in any tissue, and a pathologic feature of cystic fibrosis and asthma (106) . Leakage of serum proteins and fluid is also thought to produce changes in mucus rheology and affect the periciliary fluid layer. One possible effect of these alterations is impaired mucociliary transport (65) . Another consequence of the presence of serum components in the airway is the propagation of inflammatory reactions that could potentially involve dozens of known inflammatory mediators and cytokines.
The eicosanoids are one class of inflammatory mediators strongly suspected of being involved in the pulmonary response to toxic insult, possibly including those affecting mucus physiology. These oxidized derivatives of arachidonic acid are produced in response to a wide variety of cellular perturbations by a myriad of cell types, apparently each able to produce a characteristic spectrum of these compounds. Eicosanoids such as leukotrienes C4 and D4 and hydroxyeicosatetraenoic acids, as well as the related lipid inflammatory mediator platelet activating factor, are known stimuli of glycoprotein release (102, 159, 160) whose levels have been shown to increase in cells exposed to 03 (176, 177) . In addition, bronchoalveolar lavage fluid from subjects exposed to 03 contains elevated levels of various eicosanoids (172) . Thus, it is possible that these bioactive lipids act as mucus secretagogues in response to toxicant inhalation.
An equally important role of eicosanoids may be to signal the recruitment of immune cells into the airways during the early stages of inflammation. Inhalation of some pollutants, e.g., 03, causes the recruitment of neutrophils into the airways. Similarly, increased numbers of lymphocytes and eosinophils are found in airway secretions of asthmatics (106) . Several eicosanoids, most notably leukotriene B4, are potent chemotaxins for neutrophils (107, 127) , while platelet activating factor administration produces neutrophil and eosinophil infiltration into the airways (102) . These effects are relevant to the role of mucus in the toxicology of inhaled toxicants vis-a-vis reports demonstrating morphologic changes induced by mast cell and neutrophil proteases.
The development of hyperplasia and metaplasia of glycoprotein-secreting airway tissues is a phenomenon that certain respiratory diseases and inhaled toxicants have in common. The hypertrophy of submucosal glands and hyperplasia of goblet cells seen in bronchitis, cystic fibrosis, and asthma is also induced by inhalation of 03, SO2,and tobacco smoke. Increased secretary capacity is the major mechanism responsible for mucus hypersecretion in the lung, and it is likely a cause of increased mucus volumes produced in response to chronic toxicant inhalation.
The mechanism by which hyperplastic and metaplastic changes are induced in the lung are unknown. However, there is growing evidence that implicates the cationic protease elastase in these responses (107, 127) . Direct instillation of elastase is known to produce goblet cell hyperplasia in the lungs of rodents. In addition, airway secretions from cystic fibrosis patients and subjects exposed to 03 contain elevated levels of elastase which, if active, could participate in the generation of morphologic changes leading to hyperplasia and mucus hypersecretion in the airway (104, 172) . The fact that hyperplasia induced by neutrophil-derived products in rats can be inhibited by steroidal antiinflammatory agents suggests that, here too, lipid inflammatory compounds such as eicosanoids could act as mediators of pathologic changes induced by inhaled pollutants.
Recently, much attention has been placed on the role of metaplasia in morphologic changes leading to hypersecretion in disease states and as a consequence of toxic insults (73, 151) . One hypothesis is that the increase in numbers of mucin-secreting cells in disease or following toxicant inhalation is an adaptive response to airway injury largely involving differentiation of nonsecreting cells. Evidence supporting this notion is based on histochemical findings of increased goblet cell populations in areas of the lung where they are normally rare and in the absence of changes in the mitotic rate of cells in the airway. Preliminary work also indicates that exposure of rats to SO2 can result in mucin gene expression changes that presumably would be required for nonsecreting cells to transform into mucinsecreting cells (73) .
As reviewed in this report, the targets of toxicants on mucus biochemistry and physiology are numerous, and it is certain that new ones will be identified as a result of ongoing research. The significance of these alterations of mucus biology to human health is less clear, as the effect of environmentally relevant concentrations of pollutants on acute and chronic mucus hypersecretion needs to be determined. A prominent exception is cigarette smoke, for which ample epidemiologic evidence demonstrating the relationship between tobacco smoke-induced alterations in airway morphology, mucus hypersecretion and chronic bronchitis already exists. In addition, a 5-year epidemiologic study examining respiratory effects in nonsmokers found a strong correlation between persistent cough and phlegm production and long-term residence in an area with high ambient SO2 levels (178) . In view of these findings, it seems particularly important to determine whether pollutant-induced mucus hypersecretion contributes to the alarming rise in the number of asthma deaths that has been reported in recent years (120 In summary, essentially all aspects of lung pathophysiology involving toxicantinduced alterations in mucus structure and function can be viewed in the context of the role of mucus in a stereotypical, generalized response of the lung to cellular injury. Based on our current understanding of lung physiology, it is clear that the lung can secrete mucus in response to perceived environmental challenges such as irritation of the airway mucosa. This response can be described as graded in that it seems to be proportional to the magnitude of the stimulus and its duration. Thus a minor or brief irritant exposure may produce a localized and transient discharge of mucus from existing stores in a section of the lung, while a stronger or chronic irritation may result in a full-blown response involving a long-lasting or permanent increase in the secretary capacity of the lung as a whole. One teleologic explanation of this response is that it is an effort by the lung to neutralize and remove the offending stimulus to minimize tissue injury. In this light, it is somewhat ironic that this protective mechanism can itself be both a target of inhaled pollutants and a potential source of injury to the lung. From a pulmonary health point of view, the distinction between injury resulting from effects of the toxicant on mucus biochemistry and physiology and that resulting from the adaptive secretary response to the toxicant may well be academic.
